This study investigates and compares fatigue behavior of forged steel and powder metal connecting rods. The experiments included strain-controlled specimen testing, with specimens obtained from the connecting rods, as well as load-controlled connecting rod bench testing. Monotonic and cyclic deformation behaviors, as well as strain-controlled fatigue properties of the two materials are evaluated and compared. Experimental S-N curves of the two connecting rods from the bench tests obtained under R = -1.25 constant amplitude loading conditions are also evaluated and compared. Fatigue properties obtained from specimen testing are then used in life predictions of the connecting rods, using the S-N approach. The predicted lives are compared with bench test results and include the effects of stress concentration, surface finish, and mean stress. The stress concentration factors were obtained from FEA, and the modified Goodman equation was used to account for the mean stress effect. Fractography of the connecting fracture surfaces were also conducted to investigate the failure mechanisms. A discussion of manufacturing cost comparison and recent developments in "crackable" forged steel connecting rods are also included.
INTRODUCTION
Connecting rods are widely used in variety of engines. The function of connecting rod is to transmit the thrust of the piston to the crankshaft, by translating the transverse motion to rotational motion. It consists of a pin-end, a shank section, and a crank-end. Pin-end and crank-end pinholes are machined to permit accurate fitting of bearings. One end of the connecting rod is connected to the piston by the piston pin. The other end revolves with the crankshaft and is split to permit it to be clamped around the crankshaft. The two parts are then attached by two bolts.
Connecting rods are subjected to mass and gas forces. The superposition of these two forces results in axial and bending stresses. Bending stresses originate due to eccentricities, crankshaft, case wall deformation, and rotational mass force. Therefore, a connecting rod must be capable of transmitting axial tension, axial compression, and bending stresses caused by the thrust and pull on the piston and by centrifugal force.
A connecting rod is subjected to many millions of repetitive cyclic loadings. It is, therefore, typically designed for infinite-life and the primary design criterion is endurance limit. The loading is constant amplitude axial tension and compression and multi-directional variable amplitude bending, as inertia force, torque and moment are all functions of engine speed (rpm). The ratio of σ a (axial stress) to σ b (bending stress) varies between 1:1 and 1:0.1 (Sonsino, 1996) . Also, because of mass distribution, different mean loads, and therefore Rratios (i.e. ratio of minimum stress to maximum stress) for particular areas of the connecting rod are obtained. In addition, a connecting rod should be designed with high reliability. It should be strong enough to remain rigid under the loading, while light enough to reduce the inertia forces which are produced when the rod and piston stop, change directions, and start again at the end of each stroke.
Failures of connecting rods are often caused by bending loads, acting perpendicular to the axes of the two bearings. Failure in the shank section as a result of these bending loads occurs in any part of the shank between piston-pin end and crank-pin end. At the crank end fracture can occur at the threaded holes or notches for the location of headed bolts. Pin-end failures can occur from fretting in the bore against a fitted bushing (Wright, 1993) .
The intense competition in the marketplace has motivated the evolution of high performance components, which must be designed and fabricated economically. The most common process technologies for the bulk production of connecting rods are closed die drop-forging and powder-forging. Powder forging is a process in which powders are compacted, heated and forged so that their density increases up to that of wrought steel. In spite of higher cost of powder metals raw material, many North American automotive manufacturers have switched from forged steel connecting rods to powder metal connecting rods. A major reason for this has been the cost associated with the machining operations to separate the rod body from the cap and to provide a sound fit between the matching joint faces. Powder metal connecting rods do not require this additional machining. Recently however, the development of C-70 and other so called "splitable" or "crackable" innovative micro-alloyed steels have eliminated the need for this additional machining, resulting in reduced production cost, as discussed later in this paper.
The objectives of this research were to evaluate and compare the fatigue behavior of typical forged steel and powder metal connecting rods. Powder forged connecting rods with a weight of 570 g used in a minivan 2.4 L engine, and forged steel connecting rods with a weight of 455 g used in a midsize car 2.3 L engine were chosen. Small specimen tests were carried out to evaluate and compare mechanical and fatigue properties of forged steel and powder metal connecting rod materials. Component fatigue tests were also conducted to assess and compare fatigue behaviors of the two connecting rods. Elastic finite element analyses were carried out to predict stresses, stress concentrations, and potential failure locations. The S-N approach to fatigue analysis was then used to perform fatigue life predictions and the predictions were compared with the experimental results.
In this paper, first a literature review on several aspects of connecting rods in the areas of load or stress analysis, durability, manufacturing, economic or cost analysis, and optimization is provided. Then the procedures for and results from specimen tests as well as component tests are presented and compared. This is followed by description of the FEA performed and discussion of the results obtained for the forged steel connecting rod. The S-N approach to fatigue life prediction of the connecting rods is then presented and the results obtained are compared with component test results. A discussion section is also provided which includes a discussion of the manufacturing costs and recent developments in "crackable" forged steel connecting rods. Finally, some conclusions based on the experimental results obtained and the analyses performed are presented.
LITERATURE REVIEW
Many recent papers in the literature indicate the resurgence of interest in the use of lightweight connecting rod materials for inertial force reduction, increased speed, and cost effective methods of manufacturing. The studies carried out in the literature cover a variety of topics related to connecting rods including load or stress analysis, durability analysis, manufacturing aspects, economic issues and cost analysis, and optimization studies. Webster et al. (1983) explained the loading of connecting rod in a diesel engine. Tension and compression loadings were used based on experimental results. For tension loading the crank and piston ends were found to have a sinusoidal pressure distribution on the contact surface with pins and connecting rod. It was concluded that the highest stress levels occurred in four locations: the upper area of the cap end on the axis of symmetry, the transition region of the bolt section and the lower rib, the transition region of the lower rib and the shaft, and the connecting rod's bolt head. A schematic of connecting rod geometry is shown in Figure 1 . Imahashi et al. (1984) conducted constant amplitude, load-controlled component axial fatigue tests on powder forged (PF) connecting rods. They reported that the factors which affect fatigue strength in PF connecting rod are hardness of the material, depth of decarburized layer, metallurgical structure, density, and surface roughness. They concluded that hardness has a large impact on fatigue strength. The fatigue properties were also compared to SAE 1055 steel. The comparison also showed that a major cost difference between hot forging and PF is in machining, and that the energy saving for PF connecting rod, which is one half of that for the forged steel, is also mainly due to the machining process. However, in spite of the higher raw material weight for the steel forged connecting rod, the raw material cost is significantly lower than the PF connecting rod raw material.
Research on development of lightweight connecting rods based on fatigue resistance analysis of a microalloyed steel was conducted by Kuratomi et al. (1990) . The study found that the microalloyed steel exhibits lower fatigue strength than the quenched and tempered steel for smooth specimens, but equivalent or higher fatigue strength for notched specimens. The study concluded that microalloyed steel SV 40CLI connecting rods exhibit higher fatigue strength than quenched and tempered S10C steel and are 10% lighter in weight. Suzuki et al. (1988) described the development of a powder forged sintered connecting rod. It was found that the as-sintered connecting rod had sufficient fatigue strength, but not equivalent to forged steel connecting rods. Marra et al. (1992) conducted fatigue testing of powder-forged and forged steel connecting rods under axial tension/compression with R = -1.38 and ten million cycles. It was observed that the fracture locations of the powder-forged rods were near the wristpin and crankpin end bore due to fretting corrosion. Typical forged steel rod fractures were in the I-beam section.
High fatigue strength free machining microalloyed steel was developed and used for connecting rods by Nakamura et al. (1993) . The influence of alloy elements such as C, Mn, Cr, V, S, Pb, and Ca, and their impact on fatigue strength and machinability were discussed. A 0.33%C-1.05%Mn-0.5%Cr-0.12%V-0.55%S-0.20%Pb-Ca composition was found to be the best composition to improve fatigue strength. The tension/compression fatigue test on prototype connecting rod showed 26% higher fatigue strength than conventional free machining microalloyed steel. A 15% weight reduction resulted without any reduction of mechanical or fatigue strengths. Beretta et al. (1997) investigated fatigue performance of connecting rods made of either cast iron or hot forging carbon steel. The fracture surface of carbon steel connecting rods revealed that the defects were fold and cavity, due to forging along mid-plane of the connecting rods. Microscope examination of polished surfaces of carbon steel connecting rods revealed internal defects in the forms of faceted cavity or small oxide flaws. The cavities occurred near the surface (sub-surface microcracks and micro-folds with a depth of 30 µm).
Shot peening creates a layer of compressive stress on the surface of the connecting rod. Shot peening process usually decreases the tensile strength and increases the endurance limit. The effect of shot peening on PM material used for connecting rod is described by Chernenkoff et al. (1995) . Comparisons of shot peened and unpeened connecting rod fatigue strengths showed a 27% fatigue strength improvement. It was concluded that the maximum fatigue strength occurred at a shot peened intensity in the range of 17-20A. The depth of peening surface for 20A intensity was approximately 0.37 mm. Any further increment can result in decrease of fatigue life. Over-peening can form cracks at the surface of the connecting rod. For shot-peened and unpeened connecting rods tested at medium to high strain amplitudes, the typical failure initiation sites were at the surface. For shot peened connecting rods tested at low strain amplitude failure initiation sites were in the subsurface, where fatigue failures initiated approximately 1.5 mm below the peened surface.
The impact of decarburization on fatigue life was investigated by Ilia and Chernenkoff (2001) . Constant amplitude, load-controlled axial fatigue tests with a frequency of 170 Hz and a stress ratio of -1.50 were conducted on shot-peened PM connecting rods. The connecting rods failed in the minimum cross-section of the I-beam. They concluded that decarburized layer depths up to 0.4 mm do not impact fatigue life of PM connecting rods, whereas decarburized layer depths equal to or higher than 0.4 mm decrease the fatigue life.
Olaniran and Stickels (1993) investigated a new crackable alloy forged steel for connecting rod application. They used a typical microstructure of 1151 air-cooled steel which contains 10 to 20% ferrite. The hardness of this new alloy was in the range 77-82 HRG. It was found that the fracture separation of the cap is feasible if the carbon content is increased to reduce the ferrite content for the developed steel alloy. In order to maintain the hardness, the manganese content must be varied inversely with the carbon content. They suggested that when the hardness is maintained constant, then machinability is not greatly affected by the reduction in ferrite content. It was concluded that by reducing ductility, fracture separation of new forged rods and caps becomes feasible. For the cap splitting process the connecting rods had 45 o notches about 0.5 mm deep, machined on the sides of the bore and on the edges of the rod in the same plane as the bore notches. Kuratomi et al. (1995) outlined the mass production process for a new lightweight connecting rod made of low carbon martensite steel. Banerji (1996) investigated the application of microalloyed forging for heavy-duty diesel connecting rods. Forged MA steel connecting rods are used for the most demanding, high volume, and higher horsepower diesel engines. He investigated a medium-carbon 15V45 type MA steel and discussed forging controls, optimization of steel chemistry, and the effect of sulfur on microstructure and machinability.
According to Repgen (1998) , sintered connecting rod achieves the near net shape but manufacturing process is much more expensive than the forged steel. Also, material strength, which is the major requirement for connecting rods, favors forged steel. Direct comparison of steel-forged vs. hot formed powder metal connecting rods with similar cross section showed a 21% higher fatigue level for the forged part. Sintered connecting rods always show a certain level of porosity which varies from part to part. The sintered connecting rods are less reliable in meeting machined specifications. The costbenefit analysis by engine manufacturers has shown that the introduction of the fracture-split technology cuts the total cost by 25%, when compared with conventional forged steel connecting rods (Repgen, 1998) .
FORGED STEEL AND POWDER METAL MATERIAL DEFORMATION AND FATIGUE BEHAVIORS AND COMPARISONS
Test specimens were obtained from forged steel and PM connecting rods. Table 1 summarizes the chemical composition of the two materials.
Flat plate specimens (rectangular cross-sections) with the longitudinal axis coinciding with the longitudinal axis of the connecting rods were used for the monotonic and fatigue tests. Two samples were obtained from each connecting rod, as shown in Figure 1 . The specimen configuration and dimensions are also shown in Figure  1 . This configuration was chosen such that the gage section length could be minimized to prevent buckling due to the thin specimen thickness. A detailed finite element analysis was performed to evaluate stress concentration at the specimen radius. The FEA results indicate the stress concentration factor to be about 1.05. This is reasonable, considering the limitation on material thickness. The specimens were initially rough cut to a rectangular strip using a milling machine and then ground. Next, they were cut in a CNC milling machine. The specimen gage section edges for all four surfaces were polished using a hand held buffing rotating mandrel with the polishing marks coinciding with the specimen's longitudinal direction. The polished surfaces were carefully examined to ensure complete removal of machining marks in the test section.
A closed-loop servo-hydraulic axial load frame in conjunction with a digital servo-controller was used to conduct the tests. Total strain was controlled for all tests using an extensometer rated as ASTM class B1. The extensometer had a gage length of 6 mm and was capable of measuring strains up to 10%. In order to protect the specimens' surface from the knife-edges of the extensometer, epoxy coating was used to 'cushion' the attachment.
Significant effort was put forth to align the load train (load cell, grips, specimen, and actuator). Misalignment can result from both tilt and offset between the central lines of the load train components. According to ASTM Standard E606, the maximum bending strains should not exceed 5% of the minimum axial strain range imposed during any test program. ASTM Standard E1012 was followed to verify specimen alignment. The maximum bending strain was found to be much smaller than that allowed by the ASTM standard. All tests were conducted at room temperature.
Monotonic tension tests were performed using test methods specified by ASTM Standard E8. Table 2 summarizes the monotonic tensile test results for forged steel and powder metal. As can be seen from this table, the yield strength of forged steel is 19% higher than that for the powder metal, while the ultimate tensile strength of the forged steel is 8% higher than that for the powder metal. Superimposed monotonic tension curves of forged steel and powder metal are shown in Figure 2 . Cyclic stressstrain data obtained from the constant amplitude straincontrolled fatigue tests were also used to determine the steady-state cyclic deformation response. The cyclic stress-strain curve reflects the resistance of a material to cyclic deformation and can be vastly different from the monotonic stress-strain curve. Superimposed cyclic curves of the two materials are also shown in Figure 2 . This figure shows cyclic softening behavior for forged steel. The powder metal initially cyclic softens, but then it cyclic hardens at strain amplitude higher than 0.5%. The Table 2 indicate slightly higher cyclic yield strength of the forged steel, as compared with the powder metal. All constant amplitude fatigue tests were performed according to ASTM Standard E606. Six different strain amplitudes ranging from 0.175% to 0.7% were used. Strain amplitude larger than 0.7% was not possible due to specimen buckling limitation. Test data were automatically recorded at specific intervals throughout each test. Strain control was used in all tests, except for long life (greater than 10 5 cycles) and run-out tests. For the strain control tests the applied frequencies ranged from 0.1 Hz to 2.2 Hz. For the load control tests, the frequency was increased to 30 Hz in order to shorten the overall test duration. All tests were conducted using a triangular waveform. The fatigue properties obtained for the two materials are also listed in Table 2. S-N material behavior is described by the Basquin equation:
where σ f ' and b are fatigue strength coefficient and exponent, respectively. Comparison of long-life fatigue strength, S f , which is defined as the fatigue strength at 10 6 cycles, shows that the fatigue strength of forged steel is 27% higher than that for the powder metal. Figure 3 indicates that this results in about an order of magnitude longer life than the powder metal. Superimposed strain-life curves of the two materials are shown in Figure 4 . From this figure, it can be seen that in the long life regime (high cycle fatigue), the forged steel provides about a factor of seven longer life than the powder metal material, while in the short life regime (low cycle fatigue) the difference is smaller. However, it should be kept in mind that for a connecting rod, which is subjected to many millions of stress cycles, the high cycle regime is of primary interest. 
FORGED STEEL AND POWDER METAL CONNECTING ROD FATIGUE BEHAVIORS AND COMPARISONS
Axial fatigue tests of the forged steel and powder metal connecting rods were performed at room temperature. The range of weight for forged steel connecting rods tested was 454 to 456 grams, whereas this range for the powder metal connecting rods was 566 to 571 grams. The powder metal connecting rods were 25% heavier than the forged steel connecting rods.
Alignment of connecting rod with respect to the loadtrain was carefully made before the axial fatigue tests were conducted. Misalignment can result from tilt and offset of fixture pins inserted in the connecting rod. To minimize misalignment, a ball joint pin was introduced at the bottom of the test fixture. Alignment was checked and verified with four strain gages attached to the middle section (I beam) of a connecting rod. While minimizing bending, the ball joint reduced rigidity of the test fixtures, prohibiting testing at high frequencies. A schematic drawing of the test fixtures with the ball joint used and a photo are shown in Figure 5 . The same fixtures were employed to test both forged steel and powder metal connecting rods, using corresponding pins for each type of connecting rod. The pins were machined about 0.001" oversize and were pressed-in the connecting rod pin holes, to ensure the pins did not move during testing. Constant amplitude load control with a sinusoidal waveform was used in all tests. Loading frequency varied from 2 to 5 Hz with a lower value used for high load levels and a higher value for the low load levels. Each test was performed under a constant load frequency condition. The fatigue tests were conducted at three load levels for both forged steel and powder metal rods, resulting in fatigue lives between 4 x 10 4 cycles and >3 x 10 6 cycles. Three tests were conducted at each load level, to assess variability and scatter. All the connecting rods were tested at a load ratio (i.e. minimum to maximum load ratio) of R = -1.25.
The fatigue life of the connecting rod was defined as the number of cycles endured until it completely separated into two pieces. The dominant fracture location of the powder metal connecting rods was near the transition region to the pin end. Only one powder metal connecting rod fractured in the crank end transition. The forged steel rods mainly failed at or near the transition to the crank end region (see Figure 7) . Figure 6 shows the stress amplitude versus number of cycles to failure. In order to obtain the stress from the applied load, cross sectional areas of 131 mm 2 for the forged steel and 159 mm 2 for the powder metal connecting rods were used. These areas were measured from the crank end transition to the shank straight region. These areas were nearly the same at the two transition regions for each type of connecting rod. Figure 6 indicates the scatter in fatigue life at each load level to be less than a factor of 3. Forged steel connecting rod fatigue strength, defined at 10 6 cycles, is 387 MPa, whereas for the powder metal connecting rod it is 282 MPa. Therefore, the forged steel connecting rod exhibits 37% higher fatigue strength, as compared with the powder metal connecting rod. As can be seen from Figure 6 , this increased strength results in about two orders of magnitude longer life for the forged steel connecting rod. With longer lives, the two S-N lines diverge, so that the difference in fatigue performance between the two connecting rods increases. Typical macroscopic and microscopic appearances of fracture surfaces for both forged steel and PM connecting rods are shown in Figure 7 . For the forged steel, cracks started normal to the I-beam axis and subsurface. Some degree of cup and cone phenomena were observed for the forged steel connecting rods, indicating ductility. Figure 7 (a) shows typical subsurface crack nucleation site at 50X, for the forged steel. The SEM photomicrograph of a fracture surface is also shown in this figure. The internal defects were inclusions, which caused crack initiation. For the PM connecting rod, the crack origins appeared to be from either the surface or subsurface. Typical surface crack originated from the rib of the I-beam section. The fracture surfaces did not indicate any sign of gross plastic deformation, as expected due to the lower ductility of the material. Figure 7(b) shows the fracture initiation site for a PM connecting rod at 50X. As discussed by Illia and Chernenkoff (2001) , powder metal connecting rods show porosity, oxide penetration, decarburization or other defects, which causes the fatigue crack to initiate at the surface or subsurface. However, most of the fatigue cracks start subsurface, due to the compressive residual stress induced by shot peening. Liu and Hathaway (2001) indicate that in powder metal connecting rods shot peening removes the oxides on the rod surface, but the oxides entrapped in the channels and pores below the surface remain, causing the crack to originate below the surface. 
FINITE ELEMENT ANALYSIS
The objective of FEA was to investigate stresses and hotspots experienced by the connecting rod. From the resulting stress contours, the state of stress as well as stress concentration factors can be obtained and consequently used for life predictions. Forged steel connecting rod was selected for the finite element analysis, since this connecting rod was also used for an optimization study. This aspect, however, is not discussed in this paper. Linear elastic analysis was used, since the connecting rod is designed for long life where stresses are mainly elastic. Therefore, only Young's modulus (E = 207 GPa) and Poisson's ratio (ν = 0.3) were needed as material properties. Axial loading was considered for all the analyses, since this is the primary service loading direction.
Modeling incorporated three-dimensional geometry, tension and compression loading, and symmetry conditions. A 3-D model geometry was developed in IDEAS-8. Due to the symmetry of the geometry, the component was first half modeled, and then the entire geometry was created by reflecting (mirror imaging) the half geometry. The model was designed without forging flash, bolts, and crank or pin hole bearings, as these details are not expected to have any significant influence on the obtained results at the critical regions (i.e. failure locations, which were at or near the transition of the crank end with the shank), and their removal allowed simplification of the model. The weight difference between the measured and FEA calculated value was found to be less than 1%. This is an indication of the FEA model accuracy.
A parabolic tetrahedron element was used for the solid mesh. Sensitivity analyses were performed to obtain the optimum element size. These analyses were performed iteratively at different element lengths until the solution obtained appropriate accuracy. Convergence of stresses was observed, as the mesh size was successively refined. The element size of 1.27 mm was finally considered. A total of 80,016 elements and 130,210 nodes were generated at 1.27 mm element length.
Tension and compression loads were applied as pressure on the bearing surfaces of the connecting rod. Webster et al. (1983) found that under actual service conditions, the pin end experiences tension by the piston pin causing distribution of pressure along the upper half of the inner diameter (over 180 o of the contact area), which is approximated by the cosine function. In compression, the piston pin compresses the bearings against the pin end inner diameter (over 120 o contact arc), causing uniform distribution of pressure. The pressure acts normal to the contact surface area in a symmetric manner. Therefore, four cases were analyzed, two for tension loading (cosine pressure distribution over 180 o ) and two for compression loading (uniform pressure distribution over 120 o ), each with either loading the pin end while constraining the crank end, or loading the crank end while constraining the pin end. The constraints were applied for all six degrees of freedom over 180 o for the tension loading cases, and over 120 o for the compression loading cases. Figure 8 shows the boundary conditions used for the FEA analysis for the cases of tension as well as compression loading of the crank end, while the pin end is constrained. Figure 9 shows von Mises stress contours for the case of tension loading at the crank end, while constraining the pin end. As can be seen, the most highly stressed areas are in the transition regions between the shank and the crank end, as well as the shank and the pin end. Stresses were found to be symmetric over the entire rod, with respect to the rod axis as expected, since the geometry and the loading were symmetrical. In order to verify the finite element analysis results, a connecting rod was strain gauged with four strain gauges at the middle of the shank, and then loaded in tension. A small difference of 2% confirmed the accuracy of the FEA calculations. In addition, stress calculations based on P/A for the uniform portion of the shank agreed with stress values obtained from FEA.
The stress in the connecting rod longitudinal direction was the most prominent stress in the shank region, as well as at the transition regions to the crank and pin ends close to shank (i.e. at the intersection of the straight section of the shank with the curved section of either end). Therefore, the effect of stress multiaxiality is small in these regions and a uniaxial state of stress exists. However, significant stress multiaxiality exists in the pin and crank ends. The stress multiaxiality also becomes significant in the curved sections of the transition to the pin and crank end regions. To assume uniaxial stress state in these regions can lead to significant errors.
The stress concentration factor, K t , was obtained from the finite element analysis for the two transition regions in tension. The K t value of 1.18 at the crank transition end was subsequently considered for life predictions, because the stresses were somewhat higher in this region, as compared with the crank end transition region. In addition, as discussed previously, most failures of the forged steel connecting rods occurred in this region. For completely reversed axial loading conditions, values of R-ratio (i.e. ratio of minimum to maximum stress) in the longitudinal direction at the critical (i.e. transition) regions ranged between -1.08 and -1.20.
From the FEA results, maximum longitudinal displacements of 0.302 mm in tension and 0.114 mm in compression were obtained, when the loading was applied to the crank end. Similarly, maximum (a)
LIFE PREDICTIONS AND COMPARISONS WITH EXPERIMENTAL RESULTS
The stress-based approach to fatigue is typically used for life prediction of components subject to high cycle fatigue, where stresses are mainly elastic, as in the case of connecting rods. This approach emphasizes nominal stresses rather than local stresses. It uses the material stress-life curve and employs fatigue notch factors to account for stress concentrations, empirical modification factors for surface finish effects, and analytical equations such as the modified Goodman equation to account for residual and/or mean stress effects.
The material S-N line is given by eq (1) with the material properties in this equation as listed in Table 2 for the forged steel and PM materials. The material S-N line connects (2) b σ f ' at 1 cycle to S f at 10 6 cycles. To account for the effect of stress concentration (i.e. at the shank transition region), the fatigue notch factor, K f , is calculated based on K t , the notch radius, as well as strength of the material. For high strength materials and/or large notch radii, the value of K f is the same as or very close to the value of K t . This was the case for the two materials considered and the large radii in the transition regions of the two connecting rods. As mentioned previously, a K t value of 1.18 corresponding to the crank end transition region, as obtained from the FEA was used for life predictions of the forged steel connecting rod. For the powder metal connecting rod, the stress concentration was higher at the transition to the pin end. This was manifested by the fact that most PM connecting rods failed in this region, as discussed previously. A stress concentration factor of 1.30 at this transition region was estimated from mechanics of materials analytical equations based on the PM connecting rod geometry. To obtain the notched S-N line, (2) b σ f ' at 1 cycle is connected to S f /K f at 10 6 cycles. The S-N approach assumes no effect of stress concentration at 1 cycle (due to yielding for relatively ductile materials) and full effect at 10 6 cycles, with a linear extrapolation for the intermediate region.
The modified Goodman equation is often used to account for the effects of mean and/or residual stresses:
where, S a is the stress amplitude (alternating stress), S m is the mean stress, S u is the ultimate tensile strength, and S Nf is the smooth fatigue strength with no mean stress. This equation was used since testing of connecting rods was conducted at R ratio of -1.25 (i.e. min to max load ratio), which results in S m = -0.111 S a .
This mean stress correction is applied to the entire life range, as the mean load was applied in all connecting rod tests. Note that if multiaxial stresses are present, equivalent (i.e. von Mises) alternating and mean stresses should be used in eq (2), rather than uniaxial stresses. However, since the stress state at the critical locations is essentially uniaxial as discussed previously, this effect was not considered.
To account for surface finish effect, fatigue strength, S f , of a smooth component at 10 6 cycles is multiplied by the empirical surface finish factor, K s . This factor is estimated based on the type of surface finish and the material strength. For the forged surface finish of the two connecting rods and based on the ultimate tensile strength of the two materials, a K s value of 0.3 was obtained for both the forged steel and PM connecting rods (Stephens et al., 2001 ). Similar to the stress concentration factor, the surface finish factor is only applied to the long life fatigue strength, S f , while no effect of surface finish is assumed at 1 cycle, with a linear extrapolation for the intermediate region.
The comparison of experimental data and predicted lives for forged steel connecting rod is shown in Figure 10 . As can be seen, the S-N approach predictions are very reasonable, if the predictions are based on smooth surface finish, rather than forged surface finish. This is because the beneficial compressive residual stresses on the surface from the shot peening process nullify the detrimental effect of forged surface finish. This is manifested by subsurface crack nucleation, as described previously. It is speculated, however, that even without the compressive surface residual stress, the effect of forged surface finish, as estimated based on empirical surface finish factor K s and shown in Figure 10 is overly conservative. Similar behavior and predictions were obtained for the PM connecting rod. The predicted fatigue lives are plotted versus experimental fatigue lives for forged steel as well as powder metal connecting rods in Figure 11 
DISCUSSION
Comparing Figures 3 and 6 , it can be seen that the difference in fatigue performance between forged steel and PM connecting rods shown in Figure 6 (about two orders of magnitude) is more than that observed from specimen testing of the two materials shown in Figure 3 (an order of magnitude). This could perhaps be explained by a better response of the forged steel connecting rod to the shot peening process, and higher surface compressive residual stresses, resulting in subsurface crack nucleation. In addition, surface and subsurface defects such as porosity and oxides in the PM connecting rod can affect its fatigue behavior more than the defects in the forged steel connecting rod. Both Figure 6 for the component behaviors and Figure 3 for the material behaviors indicate increased difference between the fatigue behaviors of the two materials/processes with longer lives.
Directional property of the material is another important factor in its durability performance. In hot forging, the directional solidification of grains is desired for better fatigue strength. In PM connecting rods, there is no strengthening effect obtained by forging, whereas the grain flow in one direction (primary loading direction) during the forging process of steel connecting rods can provide additional fatigue strength.
As mentioned in the literature review, there has been a significant increase in the production of powder metal connecting rods in North America in the last decade. The main driving force for this trend has been cost effectiveness of PM connecting rods resulting from near net shape manufacturing as well as fracture splitting of the cap from the rod, introduced in 1990. Near-net shape achieved in powder metal forged connecting rods results in substantial reduction in the material used to make them. In spite of the substantially lower weight of the material used, however, the cost of the powder forged roughstock could be higher than that for the conventional hot drop-forged roughstock, because of additional operations of powder formation, preform formation, presintering, and sintering (Gupta, 1993) .
With regards to fracture splitting, the big end of the connecting rod has to be split in order to fit the crankshaft. For the PM connecting rod, a notch is optimized during compacting process and molded into the preform bore at the location where separation of the cap from the rod is desired. The cap is split from the connecting rod by applying hydraulically generated force inside the bore. The fracture starts from the two crack initiating notches. This process does not require further machining of the matching surfaces, because fracture faces perfectly fit each other. For the conventional forged steel connecting rod on the other hand, the cap and rod are either separately forged, or they are sawed apart in one-piece forging. In either case, machining of the matching surfaces is required to provide a sound fit of the joint faces. This increases the manufacturing cost significantly. Table 3 indicates 57% higher cost in machining of the forged steel, as compared with the PM connecting rod (i.e. $3.32 for the forged steel versus $2.11 for the PM connecting rods). Clark et al. (1989) indicate that the machining steps for the case of the connecting rod and cap are identical, irrespective of whether they are forged separately or as one piece.
However, with recent introduction of new materials such as C-70 splittable steel, this key advantage of powder metal connecting rods no longer exists, as machining of matching surfaces of splittable steel are no longer required. Similar to the PM connecting rod, fracture splitting method for the C-70 steel connecting rod is a mechanical method in which the big end is fractured by splitting, hydraulically, from two notches at the crank end. As mentioned in the literature review, fracture-split technology as applied to forged steel connecting rod cuts the total cost by 25%, compared to the conventional forged steel connecting rod (Repgen, 1998 ).
The C-70 steel has higher strength than the powder metal material. Other alternative steels are also being developed with higher fatigue strength. 
Experimental life
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steel. For this new micro-alloyed steel the component tests on materials showed 15% to 20% increase in fatigue strength. Also, there was increase of tool life for this new steel (Repgen, 1998) . This allows providing the benefits of both higher strength and lower manufacturing cost, simultaneously, as compared to powder metal connecting rods. As a result, some automotive manufacturers are starting to switch back from PM to forged steel connecting rods. 2. Specimen testing shows long-life fatigue strength defined at 10 6 cycles of the forged steel to be 27% higher than that for the powder metal. This results in about an order of magnitude longer life for the forged steel, as compared with the powder metal.
3. Forged steel and PM connecting rod testing indicate the forged steel connecting rod exhibits 37% higher fatigue strength, as compared with the powder metal connecting rod. This increased strength results in about two orders of magnitude longer life for the forged steel connecting rod. The difference in fatigue performance between the two connecting rods increases with longer lives.
4. The dominant fracture location of the powder metal connecting rods was near the transition region to the pin end. The forged steel rods mainly failed in the transition to the crank end region. For the PM connecting rods the crack origins appeared to be from either the surface or subsurface, while for the forged steel connecting rods cracks started subsurface.
5. The S-N approach predictions are reasonable, if the predictions are based on smooth surface finish, rather than forged surface finish. The beneficial compressive residual stresses on the surface from the shot peening process nullify the detrimental effect of forged surface finish. Predicted fatigue lives for both forged steel as well as powder metal connecting rods are mainly within a factor of ±3 of the experimental lives.
6. The literature review indicates that a major driving force for the increased use of PM connecting rods has been its cost effectiveness resulting from the fracture splitting of the cap from the rod. With recent introduction of new materials such as C-70 and MA splittable steels, this key advantage of powder metal connecting rods no longer exists. Some automotive manufacturers are starting to switch back from PM to forged steel connecting rods, due to their higher strength and lower manufacturing cost.
